Results: HIV-negative subjects with a history of chronic methamphetamine use showed lower concentrations of the neuronal marker N-acetylaspartate in the frontal white matter and basal ganglia and higher concentrations of choline compounds and the glial marker myo-inositol in the frontal cortex, relative to subjects with no history of drug abuse. HIV-positive status was associated with lower concentrations of N-acetylaspartate and creatine in the frontal cortex and higher concentrations of myo-inositol in the white matter, compared with HIV-negative status. Compared to the mean concentrations of metabolites in HIV-negative subjects with no history of drug abuse, the mean concentrations in subjects with HIV and chronic methamphetamine use showed additive effects on N-acetylaspartate in all three regions (-9% in the basal ganglia, -7% in the frontal white matter, and -6% in the frontal gray matter), on creatine in the basal ganglia (-7%), and on myo-inositol in the frontal white matter (+11%).
Conclusions:
The combined effects of HIV and chronic methamphetamine use were consistent with an additive model, suggesting additional neuronal injury and glial activation due to the comorbid conditions.
(Am J Psychiatry 2005; 162:361-369)
Met hamphetamine, a psychostimulant with reinforcing effects similar to those of cocaine (1) , has reemerged as a major drug of abuse worldwide and is commonly used among HIV-infected individuals. In Thailand, both inhalation and injection of methamphetamine are associated with higher risk for HIV infection (2) . Similarly, studies and large surveys in the United States (California and New York) consistently found that even noninjection methamphetamine use contributes to higher rates of unprotected sexual activity in both men and women and to the risk of contracting sexually transmitted diseases, including HIV (3, 4) . Conversely, the rate of stimulant use is four times higher in men who have sex with men (who are at high risk for HIV), compared to heterosexual men, according to the U.S. National Household Survey on Drug Abuse (5) . Therefore, HIV and use of methamphetamine have become a "double epidemic" over the past decade (4) .
Like individuals with HIV-associated dementia, methamphetamine users have been reported to have slower reaction times, poorer decision-making abilities, and poorer performance on measures of memory, attention, and concentration, compared to non-drug users (6, 7) . A postmortem study (8) and positron emission tomography (PET) studies (9, 10) consistently found lower concentrations of dopamine transporter in methamphetamine users, compared to subjects with no history of methamphetamine use, but the differences in dopamine transporter levels were smaller (20%-30%) than those observed in animals treated with methamphetamine (>50%) or in patients with Parkinson's disease (36%-71%) (11) . Although methamphetamine users typically do not have clinically evident extrapyramidal signs, one study found them to have slower performance on computerized tests that measure psychomotor speed and working memory, relative to ageand gender-matched comparison subjects (12) . The lower concentrations of dopamine transporter measured with PET were also associated with slower motor function (timed gait) and poorer recall (Auditory Verbal Learning Test scores) (10) . Because HIV viral burden is often highest in the basal ganglia, where the highest density of dopaminergic terminals is located, it is reasonable to hypothesize that the toxic effects of methamphetamine on the dopaminergic terminals may exacerbate HIV-associated brain injury in the basal ganglia.
Proton magnetic resonance spectroscopy ( 1 H-MRS) documented lower concentrations of N-acetyl compounds (N-acetylaspartate) and total creatine in the basal ganglia (13, 14) and higher concentrations of choline compounds and myo-inositol in the frontal cortex in abstinent methamphetamine-dependent subjects (13), compared with healthy non-drug users. These findings suggested long-term neuronal damage (with lower concentrations of N-acetylaspartate) and glial abnormalities (with higher concentrations of myo-inositol and choline compounds) in abstinent methamphetamine users. Numerous studies in patients with HIV dementia also found lower concentrations of the neuronal marker N-acetylaspartate, especially in those with moderate to severe dementia, and higher concentrations of the glial marker myo-inositol or choline compounds that are related to dementia severity (15, 16) . Therefore, 1 H-MRS may provide useful surrogate markers to assess the combined effects of methamphetamine and HIV on the brain.
To determine whether HIV and methamphetamine have an additive effect on brain metabolite abnormalities, we performed 1 H-MRS in four groups of subjects: HIVpositive subjects with no history of drug dependence, HIV-positive subjects with a history of methamphetamine dependence or abuse, HIV-negative subjects with a history of methamphetamine dependence or abuse, and HIV-negative subjects with no history of drug dependence. We hypothesized that 1) neurochemical abnormalities, particularly lower concentrations of N-acetyl compounds (N-acetylaspartate), would be more evident in HIV-positive subjects with a history of chronic methamphetamine use, compared to subjects with either HIV or chronic methamphetamine use alone, and 2) that the basal ganglia brain region would be affected most severely (lowest N-acetylaspartate concentrations), because this region contains the highest concentrations of dopaminergic nerve terminals.
Method

Subjects
Sixty-eight patients seropositive for HIV (24 with a history of methamphetamine dependence or abuse and 44 with no history of methamphetamine dependence or abuse) and 75 HIV-negative subjects (36 with a history of methamphetamine dependence or abuse and 39 with no history of methamphetamine dependence or abuse) were assessed. The subjects with methamphetamine dependence or abuse were recruited from several local drug rehabilitation centers, and the HIV-positive subjects were recruited from local HIV clinics and the community. The HIV-negative subjects were recruited from the same local communities by advertisement and through word of mouth; some were friends or relatives of subjects already enrolled. Before the study, each subject was verbally informed of the study protocol and signed a consent form approved by the researchers' institution. Each subject was evaluated with a detailed medical and neuropsychiatric history, screening blood tests, and urine toxicology screens. The screening blood tests included routine chemistry profiles, routine blood count, thyroid panel, and HIV test, if the subject's serostatus was unknown. In addition, the HIV-positive subjects were evaluated with syphilis serology, CD4 count, and plasma viral load measurements. Each subject's history of methamphetamine and other drug use was recorded. On the day of the 1 H-MRS scan, Karnofsky Performance Scale (17) and HIV Dementia Scale (18) ratings were obtained and the AIDS dementia complex stage was assessed in each HIV-positive subject.
On the basis of the screening evaluation, HIV-positive subjects (with or without a history of chronic methamphetamine use) were enrolled if they met the following inclusion criteria: 1) age 18-65 years; 2) AIDS dementia complex stage ≤2, diagnosed according to the Memorial Sloan Kettering system (19); 3) CD4 count <500/mm 3 ; and 4) ability to provide consent and willingness to participate in the study. Methamphetamine users (with or without HIV) needed to fulfill the following criteria: 1) history of methamphetamine dependence or abuse according to the DSM-IV criteria; 2) regular methamphetamine use for at least 12 months, at least 2 days/week; 3) intake of at least 0.25 g of methamphetamine per day; 4) use of methamphetamine as the primary drug of abuse; 5) last methamphetamine use more than 1 week before enrollment; and 6) HIV-negative status for subjects in the group with a history of chronic methamphetamine use only. HIV-negative comparison subjects with no history of methamphetamine dependence or abuse had to be 1) healthy individuals age 18-65 years, 2) seronegative for HIV within the past 6 months, and 3) taking no medications except for vitamins. Subjects who met any of the following criteria were excluded: 1) on the day of the scans, a positive urine toxicology screen for illicit drugs (cocaine, marijuana, benzodiazepine, barbiturates, and opiates), except for amphetamines in the methamphetamine users; 2) history of head trauma with loss of consciousness >30 minutes; 3) history of alcohol or other substance dependence, except for methamphetamine dependence or abuse (for the methamphetamine user groups) and nicotine dependence (daily marijuana users were also excluded); 4) chronic medical, neurological, or psychiatric illnesses (e.g., seizure disorders, depression, schizophrenia, infarcts, tumors, hypertension, or diabetes) other than HIV (for the HIV groups); 5) opportunistic focal brain lesions in the HIV-positive subjects; 6) pregnancy; or 7) ferromagnetic implants or other contraindications for magnetic resonance imaging (MRI) studies.
Proton Magnetic Resonance Spectroscopy ( 1 H-MRS)
Subjects were studied with MRI and localized 1 H-MRS by using a 1.5-T scanner (GE Medical Systems, Waukesha, Wis.). The imaging protocol consisted of 1) a sagittal T 1 -weighted localizer (TE/ TR=11/500 msec, 4-mm slice thickness, 1-mm gap), 2) an axial fast inversion recovery scan (TE/TI/TR=32/120/4000 msec, 3.5-mm contiguous slices), and 3) a coronal fast spin echo scan (TE/ TR=102/4000 msec, 5-mm contiguous slices). 1 H-MRS data were acquired in three brain regions (voxels): the mid-frontal gray matter, right frontal white matter, and right basal ganglia (including the caudate and putamen) ( Figure 1 ). Voxel sizes ranged between 3 and 5 cm 3 , depending on the subjects' anatomy. The voxel sizes and water line widths were not significantly different between the four subject groups. Data were acquired by using an optimized
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http://ajp.psychiatryonline.org point resolved spectroscopy sequence (20) . The acquisition parameters were TE/TR=30/3000 msec; 64 averages were acquired. Metabolite concentrations were determined with a well-validated technique (21, 22 ) that used the brain water signal as an internal reference and corrected for the CSF in each voxel; brain water and CSF signals were calculated by least-squares fitting from the amplitude of the unsuppressed water signal at 10 different echo times (21) . The data were processed with a semiautomatic program (21, 22 ) that yielded metabolite concentrations in institutional units that were converted to molar concentrations (mmol/ kg) with prior measurements (22) . Typical interindividual variation in the metabolite concentrations was about 10%, and intrasubject variation ranged from 3% to 8%.
Statistical analyses were performed in StatView (SAS Institute Inc., Cary, N.C.). Two-way analysis of variance (ANOVA) was performed with the data for each metabolite, with methamphetamine use history and HIV serostatus as the two factors. In addition, analysis of covariance (ANCOVA) (with adjustment for age and education) was performed with the metabolite data that showed age-dependent or education-dependent effects. For variables that showed significant ANOVA main effects of HIV serostatus, methamphetamine use history, or interactions between the two, post hoc tests were performed with Fisher's protected least significant difference (PLSD) test. A type I error probability of ≤0.05 was used to determine statistical significance. Table 1 summarizes the demographic characteristics and clinical variables related to HIV disease severity or methamphetamine use in the respective subject groups. No significant difference in age was found between the groups. The two HIV-positive groups included fewer female subjects, compared to the two HIV-negative groups. However, the two HIV-positive groups had similar HIV disease severity, as measured by CD4 count, plasma viral loads, Karnofsky Performance Scale scores, and AIDS dementia stage. The HIV-negative subjects with no history of chronic methamphetamine use had significantly lower scores for depressive symptoms, as measured by the Center for Epidemiologic Studies Depression Scale, compared to the other three groups (p<0.0001, Fisher's PSLD test). A significant difference in educational level was found between groups (p=0.002, ANOVA); the difference was due to the lower level of education in the HIV-negative subjects with a history of chronic methamphetamine use, compared to the two groups with no history of chronic methamphetamine use, but the educational levels of two groups with a methamphetamine use history were not significantly different.
Results
Clinical and Demographic Variables
Methamphetamine and Other Drug Use
The two groups with a history of chronic methamphetamine use had similar durations of methamphetamine use. However, because the HIV-positive subjects with a methamphetamine use history used the drug in smaller amounts (t=2.1, df=58, p=0.04) and at a lower frequency (t=3.3, df=58, p=0.002) than the HIV-negative subjects, their total lifetime methamphetamine intake was also lower (log transformed t=3.9, df=58, p=0.0002). Significantly greater nicotine use (p≤0.001, Fisher's PLSD test) was observed in both groups with a history of chronic methamphetamine use (HIV-negative subjects: mean= 14.6 pack-years, SD=15; HIV-positive subjects: mean=13.5 pack-years, SD=12), compared to the non-drug-user groups (HIV-negative subjects: mean=3.8 pack-years, SD= 10; HIV-positive subjects: mean=4.7 pack-years, SD=9). Although subjects with a history of other drug dependence, including alcohol dependence, were excluded, 20 (83%) HIV-positive subjects with a history of chronic methamphetamine use, 16 (44%) HIV-negative subjects with a history of chronic methamphetamine use, and four (9%) HIVpositive subjects with no history of chronic methamphetamine use also admitted to past recreational or occasional use of cocaine. In addition, 20 (55%) HIV-negative subjects with a history of chronic methamphetamine use, 13 (54%) HIV-positive subjects with a history of chronic methamphetamine use, 18 (41%) HIV-positive subjects with no history of methamphetamine use, and 11 (28%) HIV-negative subjects with no history of methamphetamine use also used marijuana occasionally. The amount of alcohol used was less than 7 drinks/week in all subjects except two HIV-negative subjects with a history of chronic methamphetamine use. All subjects with a history of chronic methamphetamine use indicated that methamphetamine was their primary drug of abuse and their drug of choice and that their use of other drugs was minimal, compared to the use of methamphetamine.
Group Differences in Brain Metabolites
HIV infection (independent of methamphetamine use), compared with seronegative status, was associated with mildly lower concentrations of N-acetylaspartate in the frontal gray matter (-5.3% difference in concentration; F= 11.1, df=1, 121, p=0.001) and basal ganglia (-5.0%; F=8.6, df= 1, 128, p=0.004) but not in the frontal white matter (-2.6%; F=2.2, df=1, 128, p=0.10), mildly lower concentrations of creatine in the basal ganglia (-3.7%; F=4.6, df=1, 127, p= 0.03) and the frontal gray matter (-3.9%; F=4.7, df=1, 121, p=0.03), and higher concentrations of choline compounds (7.1%; F=9.3, df=1, 129, p=0.003) and myo-inositol (7.1%; F=6.1, df=1, 129, p=0.01) in the frontal white matter. In contrast, a history of chronic methamphetamine use (independent of HIV serostatus), compared with no history of chronic methamphetamine use, was associated with a mildly lower concentration of N-acetylaspartate in the basal ganglia (-3.5% difference in concentration; F=4.6, df= 1, 128, p=0.03), lower concentrations (approaching significance) of creatine in the basal ganglia (-3.1%; F=3.3, df=1, 127, p=0.07) and of N-acetylaspartate in the frontal white matter (-3.8%; F=2.7, df=1, 128, p=0.1), higher concentrations of choline compounds in both the frontal white matter (4.5%; F=4.9, df=1, 129, p=0.03) and the frontal gray matter (9.8%; F=7.2, df=1, 121, p=0.008), and a higher concentration of myo-inositol in the frontal gray matter (9.0%; F=7.0, df=1, 120, p=0.009). ANOVA showed no significant interactions on any of the 1 H-MRS variables.
Because the concentrations of several metabolites showed education effects (basal ganglia choline compounds, frontal white matter choline compounds, and subjects with a history of chronic methamphetamine use, significant difference between HIV-negative subjects and HIV-positive subjects (t=-2.1, df=58, p=0.03). b Significant difference between HIV-negative subjects with a history of chronic methamphetamine use and both HIV-negative subjects with no history of chronic methamphetamine use (t=4.5, df=73, p<0.001) and HIV-positive subjects with no history of chronic methamphetamine use (t=2.7, df=78, p=0.009). c Significant difference between HIV-negative subjects with no history of chronic methamphetamine use and all other groups (p<0.0001, ANOVA). d Among subjects with a history of chronic methamphetamine use, significant difference between HIV-negative subjects and HIV-positive subjects (t=3.3, df=58, p=0.002). e Among subjects with a history of chronic methamphetamine use, significant difference between HIV-negative subjects and HIV-positive subjects (t=2.1, df=58, p=0.04). f Among subjects with a history of chronic methamphetamine use, significant difference between HIV-negative subjects and HIV-positive subjects (t=3.9, df=58, p=0.0002).
basal ganglia myo-inositol) and age effects (frontal white matter choline compounds and basal ganglia myo-inositol), we adjusted for these variables in further analyses. After adjustments for age and education with ANCOVA, the higher concentration of frontal white matter choline compounds initially observed in the HIV-positive subjects and the subjects with a history of chronic methamphetamine use was no longer significant; however, the other results were unaffected. The greater proportion of men in the HIV-positive groups might have further contributed to the higher concentration of frontal white matter choline compounds in those groups, as the concentration of choline compounds was 7% higher in men than in women among the HIV-negative subjects with no history of chronic methamphetamine use (p=0.08, Fisher's PLSD test).
The combined effects of HIV infection and chronic methamphetamine use were generally consistent with an additive model. As a result, metabolite abnormalities commonly were greatest in HIV-positive subjects with a history of chronic methamphetamine use (Figure 2 ). The synergistic effect was particularly pronounced for the neuronal marker N-acetylaspartate, in that HIV-positive drug users consistently had the lowest concentration of N-acetylaspartate of all four subject groups. Post hoc test findings for the HIV-positive methamphetamine users, compared to the HIV-negative subjects with no history of chronic methamphetamine use, showed lower concentrations of N-acetylaspartate in the frontal white matter (-6.1% difference in concentration; t=2.3, df=57, p=0.02), the frontal gray matter (-5.7%; t=2.2, df=60, p=0.03), and the basal ganglia (-9%; t=4.2, df=60, p=0.0001). In addition, the HIVpositive subjects with a history of chronic methamphetamine use had the lowest concentration of creatine in the basal ganglia (-7.4%; t=2.8, df=60, p=0.007) and the highest concentrations of choline compounds (14.5%; t=3.5, df=57, p=0.0009) and myo-inositol (12.2%; t=2.4, df=56, p=0.02) in the frontal white matter. However, the higher concentration of frontal white matter choline compounds was no
FIGURE 2. Concentrations of N-Acetylaspartate, Creatine, Choline, and myo-Inositol in Three Brain Regions in HIV-Positive and HIV-Negative Subjects With and Without a History of Chronic Methamphetamine Use
a Significant -6% difference between groups (t=2.37, df=57, p=0.02). b Significant -4% difference between groups (t=1.92, df=70, p=0.05). c Significant -6% difference between groups (t=2.21, df=60, p=0.03). d Significant -5% difference between groups (t=2.39, df=66, p=0.02). e Significant -5% difference between groups (t=2.59, df=57, p=0.01). f Significant -5% difference between groups (t=2.35, df=57, p=0.02). g Significant -9% difference between groups (t=4.16, df=60, p=0.0001). h Significant -4% difference between groups (t=2.21, df=70, p=0.03). i Significant -6% difference between groups (t=2.23, df=75, p=0.02). j Significant -5% difference between groups (t=2.11, df=55, p=0.04). k Significant -6% difference between groups (t=2.51, df=66, p=0.01). l Significant -7% difference between groups (t=2.80, df=60, p=0.007). m Significant 15% difference between groups (t=3.51, df=57, p=0.0009). n Significant 11% difference between groups (t=2.45, df=56, p<0.02). o Significant 14% difference between groups (t=3.49, df=72, p=0.0008). p Significant 14% difference between groups (t=3.20, df=63, p=0.002). q Significant 12% difference between groups (t=2.41, df=56, p=0.02). r Significant 8% difference between groups (t=1.96, df=75, p=0.05). s Significant 10% difference between groups (t=2.27, df=72, p=0.02). t Significant 10% difference between groups (t=2.37, df=62, p=0.02). 
Discussion
This study shows that the injurious effects of HIV and chronic methamphetamine use on the brain are generally additive, with respect to both neuronal and glial 1 H-MRS markers. First, the HIV-positive subjects with a history of chronic methamphetamine use had the lowest concentration of N-acetylaspartate in all three brain regions studied, compared to the other three subject groups; this finding suggests significant neuronal loss or dysfunction in these brain regions. As predicted, the region most affected was the basal ganglia, which has the highest density of dopaminergic nerve terminals. Although a lower concentration of N-acetylaspartate was detected in a group of subjects with methamphetamine use alone (13), prior 1 H-MRS studies typically detected minimal or no differences in Nacetylaspartate concentration in HIV patients who had mild dementia or were neuroasymptomatic (16, 23 ). In the current study, the HIV-positive subjects with and those without a history of chronic methamphetamine use both had mild dementia; therefore, any differences in N-acetylaspartate concentrations in those groups, compared with the HIV-negative subjects, should have been minimal. However, the N-acetylaspartate concentration in the HIVpositive subjects with a history of chronic methamphetamine use was almost twofold smaller than that in subjects with HIV or chronic methamphetamine use alone, despite similar dementia severity in the HIV-positive subjects with and without a history of chronic methamphetamine use and the lower level of methamphetamine use in the HIV-positive subjects, compared with the HIV-negative subjects. Possibly because of the variability in the dementia status of the HIV-positive subjects, however, the difference between the HIV-positive subjects with no history of chronic methamphetamine use and those with a history of chronic methamphetamine use did not reach statistical significance. We also found a lower concentration of creatine in the basal ganglia in the HIV-positive subjects with a history of chronic methamphetamine use, which parallels the finding of a lower concentration of Nacetylaspartate and is also consistent with possible neuronal injury, because creatine is present in both neurons and glia. The findings for N-acetylaspartate in the HIVpositive subjects with a history of chronic methamphetamine use are consistent with reports from a prior, but preliminary 1 H-MRS study in which lower concentrations of N-acetylaspartate only and no differences in other metabolites were found in the frontal lobes of HIV-infected and stimulant-dependent individuals, compared to subjects with either condition alone (24) . In that report, however, the stimulant drug(s) and the amounts used were not specified and the number of subjects was substantially smaller (three to seven subjects per group) than in the current study.
Neuropathological evidence for neuronal loss or injury is available only from studies performed in subjects with either methamphetamine use only or HIV only. A postmortem study of relatively young methamphetamine users found lower concentrations of dopamine nerve terminal markers (dopamine, tyrosine hydroxylase, and the dopamine transporter) and normal levels of dopa decarboxylase and vesicular monoamine transporter in the striatum (8) . In HIV-infected brains, neuronal apoptosis and consequent neuronal loss are well described (25) . Therefore, combined neuronal injury related to methamphetamine use and HIV, as observed in additive effects on N-acetylaspartate concentration, would be expected.
Although the exact mechanisms of brain injury underlying the interaction between HIV and methamphetamine are unclear, HIV-1 Tat protein and methamphetamine synergistically interacted to reduce striatal dopaminergic function (up to a fivefold reduction) in an in vivo rodent model (26) . One possible pathway to the combined neurotoxicity might be a methamphetamine-induced increase in extracellular dopamine, which in turn would activate HIV replication. Dopamine can increase viral replication in HIV-infected T-lymphoblasts (27) , and dopaminergic agents (selegiline and L-dopa) might enhance CNS pathology and viral replication, as shown in a simian immunodeficiency virus model (28) . Methamphetamine itself also increased replication of feline immunodeficiency virus in cultured feline astrocytes (29) . Likewise, cocaine, which was abused occasionally by the majority of the HIV-positive subjects with a history of chronic methamphetamine use in the current study, might further enhance HIV replication (30) , although cocaine's direct effect on N-acetylaspartate would be minimal (31) . Thus, the intermittently increased viral burden in the combined condition might exacerbate brain injury.
Data regarding the combined effects of HIV and psychostimulant abuse on the dopaminergic system in humans are extremely limited. Because many antiretrovirals are potent inhibitors of cytochrome P450 systems, HIV patients taking protease inhibitors have experienced prolonged effects of psychostimulants, fatal interactions with 3,4-methylenedioxymethamphetamine (32) , and possible fatal interactions with methamphetamine (33) . In a case report, an HIV-positive psychostimulant (methamphetamine and cocaine) user showed rapid decline of cognitive function and an unusual movement disorder; only the motor disorder responded to dopamine replacement (34) . No human studies have specifically evaluated the interactive effects of HIV and chronic methamphetamine use on the dopaminergic system.
In this study, the HIV-negative subjects with a history of chronic methamphetamine use (who had an average of 6 months of abstinence) had higher concentrations of choline compounds and myo-inositol in the frontal cortex (gray matter). These findings suggest an inflammatory response, or glial activation, because these metabolites are found in much higher concentrations in glial cells than in neurons (35) , and are consistent with findings of acute methamphetamine-induced glial activation in rodents (36) and monkeys (37) , as well as findings of chronic effects in monkeys up to 1.5 years after methamphetamine exposure (37) . Methamphetamine, like HIV, has been reported to stimulate the production of the inflammatory cytokine, tumor necrosis factor α (38), and to increase binding and activation of the redox-responsive transcription factors, AP-1 and NF-kappaB (39) . These factors may be associated with the inflammatory findings (higher concentrations of choline compounds and myo-inositol) observed with 1 H-MRS.
In the HIV-positive subjects with a history of chronic methamphetamine use in the current study, the frontal white matter showed additive effects of higher concentrations of the glial metabolite myo-inositol, compared to the subjects with either HIV or chronic methamphetamine use alone. This finding suggests a synergistic effect of HIV and methamphetamine on reactive glial processes in the frontal white matter, as higher concentrations of glial metabolites were observed both in the current study and in prior 1 H-MRS studies of HIV patients (16) and of abstinent methamphetamine-dependent subjects (13) . Microglial activation (40) and neuronal apoptosis (41) in HIV encephalitis, as well as the effects of the synergistic interaction between drug use (primarily opiates) and advanced HIV infection on inflammatory infiltrates (40) and microglial activation (42) , have been well documented. However, little is known about how the HIV-infected brain responds to chronic methamphetamine use. Because excessive levels of dopamine related to chronic methamphetamine use may stimulate HIV replication (27) , increased concentrations of inflammatory glial markers may be a response to the intermittently higher levels of viral burden in the HIV-positive subjects with a history of chronic methamphetamine use, as well as a direct effect of methamphetamine use. In the basal ganglia, however, no differences between study groups in concentrations of choline compounds or myo-inositol were observed. These findings suggest the lack of inflammatory or repair responses in the basal ganglia, which might lead to the lower concentration of N-acetylaspartate.
Preclinical studies indicate that methamphetamine affects the dopaminergic system, causing massive release of dopamine acutely, whereas chronic methamphetamine abusers showed down-regulation of dopamine transporters and postsynaptic D 2 receptors, as observed during early abstinence (10, 43) . However, significant recovery of both the dopamine transporter and D 2 receptors occurs in protracted abstinence in nonhuman primates (37) and in humans (43) . This recovery may be mediated by activated macrophages and more so by microglia, which express brain-derived neurotrophic factor mRNA to stimulate dopaminergic sprouting, as shown in response to striatal injury in a lesioned mouse model (44) . Both macrophages and microglia quickly accumulated near the wound site after striatal injury and may persist for the long term (44) . Therefore, subjects with a history of chronic methamphetamine use may demonstrate an increased glial response even during protracted abstinence. The current study found higher concentrations of glial metabolites primarily in the frontal cortex of HIV-negative subjects with a history of chronic methamphetamine use and in the frontal white matter of the HIV-positive subjects with a history of chronic methamphetamine use.
These findings are similar to those of some preclinical MRS studies. An ex vivo 1 H-MRS study that evaluated the effects of feline immunodeficiency virus and methamphetamine in the brain found that higher concentrations of choline compounds in the frontal white matter and higher levels of γ-aminobutyric acid were associated with methamphetamine, but lower concentrations of choline compounds were associated with feline immunodeficiency virus, and no additive effects resulting in lower concentrations of N-acetylaspartate were associated with both methamphetamine and feline immunodeficiency virus (45) . Lower levels of glutamate were found in one ex vivo MRS study of feline immunodeficiency virus (45) , but higher levels were found in another (46) . However, the two studies differed in viral strain, route of infection, time of infection, and possibly differences in the brain region(s) that were measured. Such animal models can measure the exact doses of drugs used and the duration of HIV infection, which are difficult to assess precisely in humans. This lack of precision might be one reason we did not find correlations between 1 H-MRS metabolite levels and self-reported drug use. However, most preclinical studies cannot model the longer duration of HIV infection or methamphetamine exposure in humans. Furthermore, because the metabolism of methamphetamine is significantly different among species and because there are differences in pathogenesis between the lentiviruses in the preclinical models (feline and simian immunodeficiency virus) and HIV, studies such as the current study are needed to assess the combined effects of methamphetamine and HIV in humans.
Postmortem human studies are also valuable, but the ability to study a large group of subjects in postmortem studies is extremely limited, and much of the in vivo pathophysiology may not be evident or may be altered postmortem. This study demonstrates that 1 H-MRS is a robust and sensitive method for assessing in vivo pathophysiology. Future studies using other noninvasive neuroimaging techniques, such as dopamine markers on PET and functional MRI, may provide further insights into the in vivo pathophysiological changes associated with the combined effects of HIV and methamphetamine and may help to determine whether treatment with medications or cognitive behavior therapy alters brain function and pathology. The current findings of metabolite abnormalities support an additive effect of HIV and methamphetamine on brain injury, especially in the striatal and frontal brain regions that have the highest density of dopaminergic nerve terminals.
